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CHAPTER 1 
OVERVIEW 
1.1 Background 
Landmines have been in use in warfare since World War I. They were 
originally used as a weapon against armored vehicles, but have since appeared 
in different forms. For example, as anti-tank (AT) mines in World War II they 
influenced tank maneuvers, and caused the use of anti-personnel (AP) 
landmines to deter their removal.  (NATO, 2004) 
Anti-vehicular (AV) landmines are a major cause of vehicle loss and 
occupant injury in conflict. Bird (2001) reported that the percentage of military 
vehicle losses during conflict due to landmines has been increasing from 22% in 
World War II, to most recently 60% during the conflict in Somalia. In addition to 
causing vehicle damage, AV landmines have caused many injuries and fatalities. 
For example, during the Rhodesian war in the 1970s, 2,405 landmines were 
detonated by military vehicles, causing 632 deaths and 4,410 injuries (Bird, 
2001). Bird (2001) further discussed the ways by which AV landmines cause 
injury. These include fragmentation, blast overpressure, vehicle shock 
acceleration and deformation, loss of vehicle control and gross vehicle 
movement.  
Wang et al. (2001) noted that, in a medium sized armored vehicle, the 
average floor acceleration and velocity typically exceed 100 g and 12 m/s, 
respectively, during an AV landmine blast. They proposed ways to minimize the 
impact of the blast on the occupant by using a vehicle false-floor built from 
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energy absorbing materials. A honeycomb material was tested using specially 
designed Australian Defense Science and Technology Organization’s (DTSO) 
frangible synthetic legs (FSL) in an explosion test. It was found that, using the 
same explosive charge (200g of PE4) the FSL fractured with no false-floor, and 
remained intact when the false-floor was used. Surrogates, such as the Hybrid III 
dummy and FSL, were also used in studies by Bird (2001) where four different 
military vehicles were tested to establish the mechanism of injury during mine 
blasts. While the FSL is capable of reproducing fractures, the Hybrid III, which 
was designed for automotive crash testing, is able to measure accelerations, 
forces and moments experienced by the occupant. These biomechanical 
parameters can then be linked to specific injuries. 
The ability to determine the most appropriate surrogate is an important 
step in developing a methodology to assess injuries to occupants during AV mine 
blasts.  Understanding the capabilities and limitations of the selected surrogate 
with respect to the human biomechanical response will enable the selection of 
injury criteria, which will most accurately predict fracture and other injury. With an 
existence of such a surrogate it will be possible to more accurately test the ability 
of various countermeasures to reduce injury to occupants in vehicles 
encountering AV land mines. 
1.2 Statement of Problem 
The aim of this study is to assess the ability of lower limb surrogates to 
predict injury due to floor impact in military vehicles during anti-vehicular (AV) 
landmine explosions. Most such surrogates have originally been constructed for 
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use in automotive crash applications, where footwell intrusion is the main source 
of lower limb injury. Land mine explosions, however, create different loading 
conditions on the lower leg.  Comparatively, the peak loads are higher but the 
durations are shorter and the loading occurs axially through the tibia, instead of 
the axial loading combined with foot rotation that is often observed in automotive 
applications.  
In order to assess the biofidelity of lower limb surrogates in these more 
extreme conditions, three test configurations conducted by The Netherlands 
Organization for Applied Scientific Research Prins Maurits Laboratory (TNO-
PML) using explosive charge will be simulated by a pneumatically propelled 
linear impactor. These three test configurations represent explosive masses of 
100, 200 and 300g (referred to as conditions 1, 2, and 3 respectively). A set of 
parameters such as impactor mass, velocity and the free flight distance of the 
linear impactor will be adjusted using a Hybrid III 50thpercentile dummy to best 
replicate the tibia forces and foot plate displacements measured in the explosive 
charge tests.  
The same test conditions will be used to impact 10 post-mortem human 
subject (PMHS) legs, which will be instrumented with load cells at the tibia and 
autopsied after the test to assess any injuries.  Corridors will be constructed 
using the collected PMHS data, and the biofidelity will be assessed for three 
different lower limb surrogates: a Hybrid III lower leg, an advanced ankle/toe 
complex and a Thor lower leg. The surrogates will be tested in the same 
configurations as the PMHS specimens. The tibia forces in the Hybrid III and the 
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Thor legs will be compared to the established corridors.   
1.3 Specific Aims 
The specific aims of this study are: 
1) Reproduction of the vehicle floor movement and tibia force during an anti-
vehicular mine blast using a linear impactor  
2)  Determination of human response corridors as a result of such impact 
conditions 
3)  Assessment of the existing mechanical surrogates' ability to match these 
corridors 
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CHAPTER 2 
LITERATURE REVIEW 
2.1. Anatomy of the Lower Limb 
The lower limb can be subdivided into three distinct regions: the thigh, the 
leg and the foot. The thigh lies between the pelvis and the knee, and contains a 
single long bone, the femur. The leg is the region between the knee and the 
ankle and consists of two long bones, the tibia and the fibula. The tibia is the 
larger of the two bones, and the main load bearing structure of the leg, with the 
fibula bearing only approximately 7 to 12% of the applied load depending on the 
foot orientation (Crandall, 1996). Figure 2.1.illustrates the relevant anatomical 
features of the leg.  
 
Figure 2.1 Tibia and fibula anatomy (Huelke, 1986) 
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Finally, the bone anatomy of the foot is made up of a number of smaller 
interconnected bones. These include the talus, the calcaneous, the tarsals, the 
metatarsals and the phalanges, whose locations are shown in Figure 2.2. Of 
these, the talus (the ankle bone) and the calcaneous (the heel bone) are most 
important for load transfer. In a typical standing position, the loads are 
transferred from the femur through the tibia to the talus. The talus transmits the 
load to the calcaneous and the tarsals, which then transmit the load to the 
forefoot.  
 
Figure 2.2. Foot anatomy (Huelke, 1986) 
 
Another anatomical feature of note is the Achilles tendon, which connects 
the gastrocnemius muscle to the calcaneous. The Achilles tendon exerts a force 
on the foot, therefore also sharing in the load path of the leg (Fig 2.3). The 
gastrocnemius muscle originates at the distal femur. Crandall et al. (1996) found 
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that the gastrocnemius and the Achilles tendon influence the rotation as well as 
the loading of the tibia during dorsiflexion while impact testing of a post-mortem 
human subject (PMHS).  Therefore, Crandall recommended to keep the 
musculature of the leg intact when impacting the foot and ankle and amputate 
the PMHS above the knee. 
 
Figure 2.3. Forces in the lower leg (Crandall, 1996) 
Besides the load paths, which are determined by the geometry of the 
lower leg, intrinsic material properties of bone also play a role in impact testing. 
As Ore at al. (1993) note, the modulus of elasticity of bone increases with the 
strain rate raised to the 0.06 power, meaning that the velocity of impact 
influences the probability of fracture. 
 
2.2 Tolerance Levels - Experiments 
Much of the research in the field of impact biomechanics of the lower leg 
and foot comes from automotive applications. With introduction and 
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advancement of such preventive measures as seatbelts and airbags, the number 
of fatalities has decreased, and non-fatal injuries such as those to the foot-ankle 
complex have become more common. As a result, numerous studies to 
understand the mode and tolerance levels of leg injury, and possible preventative 
techniques were conducted. Footwell intrusion has been noted as an important, 
although not the only factor contributing to injury. The most common injuries 
observed have been malleolar fractures, metatarsal fractures, as well as 
fractures of the distal tibia and fibula, calcaneus and talus. 
A number of lower leg impact experiments have been conducted under a 
variety of conditions. The tests can be divided into those that generate purely 
axial loads and those that investigate the effects of rotation. Within these 
categories, both static and dynamic tests have been conducted, as well as those 
that took the Achilles tendon force into account.  
As a consequence of these studies on leg tolerance, an injury criterion 
based on a combined compressive axial force and a bending moment was 
adopted in the automotive industry. Based on Mertz (1993), the Tibia Index (TI) is 
calculated according to the formula TI = (M/Mc) + (F/Fc) where M and F are the 
tibia moment and force, while Mc and Fc are critical values based on literature 
data, and are equal to 225Nm and 35.9kN respectively for a 50th percentile male. 
More recently a revised tibia index (RTI) was developed based on studies by 
Nyquist and Schuster, using the same equation, but with adjusted critical values 
of 240Nm and 12kN for Mc and Fc respectively (Kuppa, et al.). 
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Begeman and Prasad (1990) tested 9 pairs of human cadaver lower legs 
as well as 2 Hybrid III legs. The specimens were rigidly fixed at the proximal tibia 
and loaded axially by a 16 kg pneumatically propelled linear impactor. The 
impactor was aimed 62 mm above the ankle joint in order to achieve dorsiflexion. 
The loading rate ranged from 3 to 8 m/s and the axial loads ranged from 1350 to 
3900 N, causing injuries in 6 of the 18 cases. The injuries noted consisted of 
ligament avulsions and tears, as well as malleolar fractures. In cases of injury, 
the peak axial force ranged from 1850 to 3160 N. The comparison with the 
Hybrid III 50th percentile lower leg showed that the reaction forces and the ankle 
moments were much higher in the Hybrid III dummy. 
Yoganandan et al. (1996) performed experiments on 26 unembalmed 
cadaveric lower legs. They were disarticulated at the knee joint such that the 
lower leg was left intact, and was rigidly fixed at the proximal tibia. A mini-sled, 
pendulum impactor loaded the specimens axially. The loading rate varied from 
3.4 to 7.6 m/s and the resulting fracture force measured at the tibia ranged from 
4.3 to 11.4 kN. The pathology observed included unspecified fractures at the tibia 
and the calcaneous.  
The Yoganandan data set was then synthesized with that tested by 
Begeman et al. (1996) at WSU and another set tested by Roberts et al. (1993). In 
the tests conducted by Begeman et al. (1996), 10 subjects were used, the tibia 
was fixed mid-length and inversion/eversion and rotation were prevented to 
achieve total axial loading. Fracture forces ranged from 6.8 to 8.7 kN. The 
velocity was not reported. Roberts et al. (1993) tested the foot at 20 degrees 
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dorsiflexion, constant velocity of 4.6 m/s was used and the specimen was 
amputated at mid-femur. Fracture forces ranged from 7.8 to 13.0 kN. The 
synthesized data set was then assembled to create a fracture probability 
distribution curve, which correlates fracture force and age to probability of injury. 
According to Figure 2.4 from Yoganandan, there is a 50% probability of injury at 
the tibia fracture force of 6.8 kN. If broken down by age, for a 65-year-old, there 
is a 50% probability of injury at 6.2 kN, and for a 45-year-old the tolerance is 8 kN 
tibial force.  
 
Figure 2.4 Probability of injury vs. force (Yoganandan et al, 1996) 
Furthermore, Klopp et al. (1997) tested 50 lower limbs amputated at the 
midshaft of the femur and attached to a device simulating the hip joint. A knee 
harness was used to simulate the action of the leg musculature, and a pendulum 
drawn impactor was used. Tibia Index, peak axial force and moment were found 
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not to be good predictors of injury. However, contact force and rate of onset of 
contact force, as well as heel acceleration were found to be highly correlated. 
Using these factors as predictors of injury, values of 9.3 kN for contact force, 5 
kN/ms rate of onset, and 216 g's for heel acceleration were found to correspond 
with a 50% probability of injury. The injuries sustained included fractures of the 
calcaneus, talus, malleoli and ligament tears, with a calcaneal fracture being the 
most common injury but occurring only 5 times. Also, a foot in dorsiflexion was 
found to be more resistant to injury than one in neutral position or in 
plantarflexion. 
Schueler et al. (1995) conducted a series of lower extremity impact tests 
using a pneumatic impactor and 12 full body PMHS's. The impactor speeds 
ranged from 6.7 m/s to 12.5 m/s with a mass of 38 kg. The common injuries were 
of the calcaneus and the talus. A risk of injury was calculated for values greater 
than 9.7m/s for impact velocity, 1000 g for sole acceleration and 15 kN for the 
sole contact force. Lower leg acceleration was found not to be statistically 
significant as a predictor. In addition to the cadaver tests, 9 dummy tests were 
also conducted. Similarly to Klopp et al. (1997), the TI was found not to be a 
good predictor of injury. 
Crandall et al. (1996) compared cadaver response, volunteer response 
(static axial loading), and 3 different types of dummy legs.  With regard to the 
differences between cadaver and dummy legs, they found the dynamic stiffness 
to be about twice the static stiffness. The dummy legs were found to be even 
more rate dependent than cadaver legs, so dynamically even stiffer than 
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cadavers. However, there was similar qualitative behavior, which suggests that 
the Hybrid III can be used to predict human injury if properly scaled. The authors 
also found the stiffness of the foot to be dependent on the orientation of the foot.  
Moreover, the zero-torque position was found to be at 15-25 degrees 
plantarflexion, not at neutral. Some differences were also found between the 
center of rotation location for the foot in the cadaver and the Hybrid III dummy 
(Figure 2.5). Achilles tendon forces up to 1.9 kN were also found which 
contributed significantly to the actual tibial load. 
 
Figure 2.5 Hybrid III foot (Crandall, 1996) 
Kitagawa et al. (1998) tested 8 pairs of legs with the proximal end of the 
tibia cut and potted. Attaching the Achilles tendon to a tendon catcher simulated 
the Achilles tendon force. The centerline of the pendulum was aligned with a 
point 50 mm below the tibial axis. A plate was fixed to the sole of the foot to 
prevent a direct contact with the pendulum. The average velocity of the 
pendulum impact was 3.47 m/s.  Fifteen fractures (5 tibial pylon, 10 calcaneal 
fractures) were found. An average peak impactor force of 5132 N was used, 
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resulting in an average peak tibial axial force of 7645 N. If broken down by the 
type of injury, the average peak tibial forces for the calcaneus fracture were 
found at 8.1 kN and 7.3 kN for the pylon fractures. Taking into account the 
simulated Achilles tendon breaking force of about 2 kN, the load tolerance of the 
tibia was found to be approximately 5 kN. 
McMaster et al. (2000) also used an Achilles tensioning device to simulate 
a breaking force. A 1 kN/ms loading rate was used under three impacting 
conditions (one at the tibial axis, one at anterior tibial margin, one even further 
anterior on the foot). For first condition, the impactor head force was measured at 
8622N, and the tibial force at 8146N. Combining all three conditions together, the 
average impact load was 5.7kN, and the tibial force 6.3kN. The fractures 
sustained by the specimens were mostly calcaneal, with some talar, malleolar 
and pylon fractures. 
Funk et al. (2000) tested 92 isolated human lower limbs.  The testing was 
broken down into two phases. Phase one contained 71 cadaver legs, in a typical 
driver position and using a knee harness to simulate occupant bracing.  The 
specimen was cut mid-femur. The impactor velocities ranged from 2 to 7 m/s. In 
Phase II, simplified kinematics were used and the specimens axially loaded with 
a 33kg impactor at 7 m/s. Many different injuries were produced, including 
calcaneus fractures (most common), fractures of the talus, pylon, fibula, 
malleolus and various soft tissue injuries. However, the purpose of this study was 
reproducing malleolar fractures. An average fracture force of 5239 kN was 
recorded from both phases using only the data from the specimens producing 
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malleolar fractures (n=12). In phase I, 35% of injuries were malleolar at 16 cm 
floorpan intrusion, with the knee unconstrained. In phase II, with a greater level of 
intrusion allowed (16cm), 71% of fractures were malleolar, while 13% of injuries 
were malleolar when using a 6 cm intrusion. This study showed that malleolar 
fractures were possible to reproduce at minimal ankle rotations, but high axial 
forces.  
Table 2.1 Literature review summary 
 Loading rate Ankle Rotation Injury Tibia Load 
Begeman (1990) 3 – 8m/s Yes M, L 1.85-3.16kN 
Yoganandan (1996) 
   - MCW data 
3.4 - 7.6 m/s 
 No Ti, C 4.3-11.4kN 
   - WSU data 4-9.2m/s No C, T, P 6.9-8.7kN 
   - Roberts data 4.6 m/s Yes C, Ti, T 7.8-13.0kN 
Klopp (1997) 5kN/ms Yes T, C, M, L 
N/A 
9.3kN (contact 
force) 
Schueler (1995) 6.7-12.5m/s N/A T, C 
N/A 
15kN (contact 
force) 
Kitagawa (1998) 3.47 m/s 
Some 
(tendon 
catcher) 
C, P 7.65 kN 
McMaster (2000) 1kN/ms Some C, T,M, P 6.3 +/- 1.8 kN 
Funk (2000) 7m/s No C(23),T(10), M(11), P(3) 5.24 kN 
Ti=tibia, T=talus, C= calcaneous, M= malleolus, L=ligament tears, P=pylon 
 
In summary, fracture forces at the tibia were found to range from 1.8 to 13 
kN. However these included a wide variety of impact test setups, from fixation at 
mid-tibia to fixation at mid-femur, uses of knee harness or Achilles tendon 
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catchers, impacts at the line of the tibia and impacts at more anterior points 
designed to cause dorsiflexion along with axial compression. The injuries 
observed also varied as a result of differing setups. They ranged from most 
commonly fractures of the calcaneus to malleolar and pylon fractures, fractures 
of the talus, and distal tibia.  The tibia index (TI) was found to be a poor predictor 
of fracture in axial impacts by two separate studies, Schueler (1995) and Klopp 
(1997). The Achilles tendon was found to have significant impact on the 
measured tibial force as it shares in the axial load path (Crandall 1996), but a 
tendon catcher or a knee harness was used only in cases where breaking motion 
was being simulated as in Klopp (1997), Kitigawa (1998), McMaster (2000), Funk 
(2000). Additionally, Begeman (1990) and Crandall (1996) both found in 
comparing Hybrid III 50th percentile dummy to cadaver tests that the forces 
measured at the dummy tibia are significantly higher.  
2.3 Surrogates 
The Hybrid III 50th percentile dummy is an anthropometric crash test 
dummy that is widely in use in the automotive industry. It was originally 
commercially released in 1977 as a newer version of the Hybrid II. Its lower leg 
consists of a pin joint at the knee and a ball joint at the ankle.  It also contains an 
upper and a lower tibia load cells capable of measuring moments and forces. 
The shaft of the tibia in the Hybrid III is translated anteriorly at its proximal end 
and slightly posteriorly just above the ankle (Figure 2.6). 
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Figure 2.6 Comparison of the Hybrid III dummy and a human leg (Zuby, 2001) 
However, such a construction is not a perfect model of the human leg. The 
human knee joint allows sliding at the tibial plateau, which is stabilized by 
surrounding ligaments and tendons. This allows the force to be transferred 
through both the tibial axis and the center of the knee joint. In the dummy, the pin 
joint is attached to the femur, and due to the angle of the dummy tibia, when a 
force is aligned with the joint it is not transferred through its tibial shaft axis 
(Figure 2.7). 
 
 
Figure 2.7 Hybrid III offset between the tibial axis and the line connecting ankle and 
knee pivots (Zuby, 2001) 
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 According to Welbourne (1998), the approximate posterior displacement of a 
tibia of a single 50thpercentile male was 13 mm. A measurement on any 
significant population was not taken, but the assumption was made that in 
absence of an obvious alternative a straight line between the ankle and the knee 
should be taken as a reference.  
The Test Device for Human Occupant Restraint (THOR) is the latest 
impact dummy developed by NHTSA. The aim in developing this new dummy 
was to offer increased biofidelity and measurement capability compared to the 
Hybrid III. Some of the improvements relevant to this effort include a compliant 
tibia element which modulates the response to the axial impact more realistically, 
three independent axes of rotation for the ankle, where flexion and extension 
properties are based on human ankle tests, the existence of an Achilles tendon 
simulated by a tensioned wire, which also contributes to more realistic axial 
forces, and additional instrumentation including mid tibia and mid foot 
accelerometers, and foot rotation measurements. The new Thor lower leg indeed 
uses a straight-line shaft.  The differences between the Hybrid III and the Thor 
leg are shown in Figure 2.8.  
In addition to the measuring capabilities of the standard Hybrid III dummy, 
for the lower leg there exists an ankle/toe assembly, which allows for 
measurement of the loads and moments of the foot. The Denton Model 6220 
Ankle/Foot assembly includes an ankle load cell with three force, and two 
moment measurement channels and a toe load cell with a single force 
measurement channel.  
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Figure 2.8 Hybrid III and THOR lower leg comparison (Crandall, 2002) 
Besides the dummies designed for use in automotive applications, which 
are meant to be reusable, there is also a category of frangible legs, which are 
meant to more closely represent the material properties of the human leg 
including fracture. These have been used in a series of tests to evaluate the 
effects of anti-personnel mines. They included the use of wooden rods to 
represent bone and light concrete for soft tissue (Meppen Artificial Leg), and red 
deer tibia encased in a gelatin cast to represent the dimensions of the human leg 
(Red Deer Lower Limb Model). More comprehensive frangible legs attempted 
more closely approximating human leg geometry. This included the Australian 
frangible surrogate leg (FSL) and the Canadian Complex Lower Leg (CLL).  The 
FSL created bone geometry based on a 50thpercentile Australian male cadaver 
and cast them out of a synthetic material. Adhesive and simulated tendon 
material connected the bones, and finally gelatin is cast to simulate soft tissue. 
The CLL development focused on selection of synthetic materials to best 
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represent both the bone and the soft tissue of the leg. The geometry was based 
on a human male but simplified for increased consistency (NATO, 2004). 
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CHAPTER 3 
EXPERIMENTAL PROTOCOL DEVELOPMENT 
3.1 Mine Detonation Tests  
A series of blast tests was conducted by Industrieanlagen-
Betriebsgesellschaft (IABG, Germany) using the Test Rig for Occupant Safety 
Systems (TROSS).  The rig consisted of a membrane bottom plate with a 
footplate on top. It is closed off by a box to which a seat is attached. This 
structure is not coupled to the floor, so that that seat motion does not affect leg 
loading. The seat is made up of a simple steel chair with a straight back. A two-
point seat belt is used to restrain the motion of the dummy.  The seat was 
adjustable to make sure that the positions of the femur and the feet were 
consistent. The loading of the footplate was generated by small explosive 
charges under the bottom plate. Figure 3.1 illustrates the setup. 
 
Figure 3.1 TROSS setup 
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The tests conducted with this setup included a variation of the angle 
between the tibia and the horizontal bottom plate in the range between 70° and 
110°.  For the purposes of this research, the data from the 90° position was 
used. Another variable in the series of TROSS tests was footwear. Tests were 
conducted with military boots, no boots and other type of shoes. For the 
purposes of this research, the “no boots” test was used as a baseline, but the 
military boot tests were also simulated.  
In the TROSS tests the mass of explosive charge ranged from 100-500 g 
TNT creating five conditions in increments of 100g. A Hybrid III 50th percentile 
dummy was positioned on the TROSS seat with its feet on the footplate.  The 
displacement of the footplate and the force in the lower tibia during the explosion 
were measured. Of these conditions, a linear impactor was used for current 
research in order to simulate the 100 to 300 g range.  Table 3.1 illustrates 
conditions 1 through 3. 
Table 3.1 Peak values of the explosives test 
Condition Explosive 
mass (g) 
Boot/Foot Plate displacement 
(mm) 
Tibia 
Force (N) 
1 100 Foot 12.3 5,970 
1 100 Boot 12.6 3,709 
2 200 Foot 21.8 10,740 
2 200 Boot 20.5 7,000 
3 300 Boot 27.1 9,984 
 
The TROSS data was filtered using standard low-pass filtering according 
to SAE J211/1. All subsequent testing presented in this paper was also filtered 
according to table 3.2. 
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Table 3.2 Filtering criteria 
 Filter Class Filter Frequency 
Foot Plate Displacement 2
nd order 
Butterworth 1000 Hz 
Acceleration (Tibia, Plate, etc.) CFC600 1000 Hz 
Force (Tibia, Plate, etc.) CFC600 1000 Hz 
3.2 Impact Test Set-up 
The testing protocol was developed using a Hybrid III 50th percentile 
dummy. The dummy was positioned on a table, on its back. The left leg was 
used for impact testing, with the skin removed. The left upper leg was raised to a 
90º angle relative to the torso, and the tibia was re-positioned horizontal to the 
ground (90º to the femur) after each impact. The knee joint was loosened and 
this position held by using a rope attached to a winch above the table. The sole 
of the foot was aligned parallel to the impactor plate. The right leg was bent at 
the knee and rested on its foot (Fig 3.1). It was found that if the foot is impacted 
on a more distal point, dorsiflexion and a second force peak occur (first peak 
takes place during the initial contact, and the second during the contact with the 
heel). Therefore, the table was raised such that the center of the heel of the foot 
of the impacted leg was aligned with the center of the plate. This meant that the 
impact occurred straight through the shaft of the lower leg, which insured 
acceleration and force curves with a single peak.  
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Figure 3.2 Test set-up 
In developing the testing protocol, there were two key parameters that 
needed to be matched to the TROSS test in order to ensure the leg was being 
subjected to a similar impact.  These included the footplate displacement and the 
tibia force. A Distance Laser Transducer (Micro-Epsilon Corporation Model 
number LD 1625-200) was used to measure footplate displacement. The lower 
leg was instrumented with a standard triaxial tibia force transducer at the lower 
tibia. A pneumatically propelled linear impactor was used to simulate the impact. 
The mass, pressure and free flight distance of the impactor, as well as the 
stiffness of the honeycomb material used to decelerate the impactor  were tuned 
to match the conditions of the TROSS explosives tests (Table 3.1).  
For conditions 1 and 2, the measurements from the bare foot explosives 
test were used as baselines for recreating a similar impact with a linear impactor. 
To validate the booted cases, condition 1 and 2 were also tested with boots. For 
condition 3, the anticipated tibia forces for the bare foot case were above the 
 
 24
limits of the load cells used, and therefore, only the values from the booted case 
were matched. 
3.3 Impact Test Methods 
For each case (boot, no boot) and condition( 1,2,3), 5 separate tests were 
run with the same settings. Figures 3.3 – 3.13 show how the TROSS explosives 
test matches up with the 5 linear impact tests for both displacement and tibia 
force. For displacement, the explosives tests produced ringing after the original 
displacement, so only the first peak (between 0 and 20 ms) was chosen as the 
one to match. This time window also coincides with the time of the tibia peak 
measured during the TROSS tests. 
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Figure 3.3 TROSS foot plate displacement 
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Figure 3.4 Condition 1 foot impact displacement 
For condition 1, a stainless steel cylinder and a load cell with total mass of 
64.6 lbs were used. In addition, a 12 in2 footplate with 16.4 pounds mass was 
attached.  Therefore, the total mass of the condition 1 impactor was 81 pounds. 
Furthermore, a 116 psi piece of hexcel was used to decelerate the impactor. It 
was found that using this hardware, together with initial settings of a pressure of 
38 psi, and a 6 mm free flight distance for the piston yielded results that best 
matched the TROSS data (Fig 3.4-3.5). 
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Figure 3.5 Condition 1 foot impact tibia force 
Once the condition 1 foot impact was matched, the same hardware and 
initial settings were used to match the boot impact condition (Fig 3.6–3.7).  Two 
pairs of standard military boots, the same ones used for TROSS explosive 
testing, were used for impact boot testing. 
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Figure 3.6 Condition 1 boot impact displacement 
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The plate displacement and the tibia force for the foot impact matched the 
explosives test well, while for the boot impact, the displacement was found to be 
higher than TROSS, and the tibia force lower. Using the boot affected the results 
by introducing variability. 
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Figure 3.7 Condition 1 boot impact tibia force 
Matching condition 2 was next attempted by using the same impactor as 
condition 1 and increasing the pressure and free flight distance. This was 
however not possible since the same hardware yielded either matching tibia 
force or plate displacement, but not at the same setting. Consequently, a lighter, 
aluminum impactor was used, as well as a different load cell, which interfaced 
with it. The mass of the aluminum cylinder including two weights added inside the 
cylinder shaft was 29.6 lbs, with the load cell 6.6 lbs. The same 16.4 lb plate was 
used, and the total mass of the new set up was 52.6 lb. The footplate distance 
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and the tibia force were both found to best match the TROSS data at 43 psi and 
13.5 mm of free flight (Fig 3.8-3.9). 
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Figure 3.8 Condition 2 foot impact plate displacement 
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Figure 3.9 Condition 2 foot impact tibia force 
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At condition 2, the TROSS test tibia force consisted of a double peak, 
which was most likely an artifact of foot placement. Only the first peak, which 
represents the original impact was reproduced. The tibia forces and the foot plate 
displacement in the impact test were slightly lower than those measured during 
the TROSS test. Figures 3.10 and 3.11 show condition2 boot impact. 
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Figure 3.10 Condition 2 boot impact plate displacement 
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Figure 3.11 Condition 2 boot impact tibia force 
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For condition 3, only the booted condition was matched, as the forces at 
the tibia load cell for the foot impact were anticipated to be over the tibia load cell 
tolerance limit. Using the aluminum impactor at the highest pressure setting 
available, it was not possible to reach the force from the TROSS test. Therefore, 
to match condition 3 the same stainless steel impactor used for condition 1 was 
found to yield the closest match. The setting of 95 psi and 12 mm free flight 
distance, with an 81 lb impactor produced the curves in Figures 3.12 through 
3.14.  
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Figure 3.12 Condition 3 boot impact plate displacement (laser sensor) 
As seen in Figure 3.12, the severe impact generated by condition 3 
caused large vibrations in the foot plate that were captured by the laser sensor. 
Despite filtering of the impact data, these vibrations result in curves difficult to 
match to TROSS data. Consequently, for condition 3 only, the video data was 
analyzed by Image Express. Figure 3.13 is the result of tracking a marker on the 
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footplate. In order to match condition 3, in addition to choosing the impactor 
mass and finding the correct settings, it was also necessary to ensure 
repeatability of the test. 
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Figure 3.13 Condition 3 boot impact plate displacement (video analysis) 
Using honeycomb of the same stiffness as in conditions 1 and 2, caused 
significant variations in results. Therefore, it was found that using a 750 psi 
stiffness honeycomb with a 25 in2 contact area and replacing it before each test 
yielded more repeatable results. 
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Figure 3.14 Condition 3 boot impact tibia force 
Table 3.3 summarizes the average velocities for the different conditions as 
well as the corresponding impactor masses. 
Table 3.3 Impact velocity and mass summary 
 Average velocity (m/s) Mass (lb) 
Condition 1  3.8 81.0 
Condition 2  4.8 52.6 
Condition 3  9.3 81.0 
3.4 Discussion 
A summary of the peak forces and displacements is presented in Tables 
3.4 and 3.5. The tibia force measured in the impact tests was generally lower 
than that measured in the TROSS explosive tests. The foot impact condition was 
matched closer than the boot for conditions 1 and 2, implying that the boot 
introduced some variability.  
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Table 3.4 Peak tibia forces explosive vs. impact test 
 TROSS Force (N) 
Average 
Force (N) 
Condition 1 
foot 5,970 6,122 ± 920 
Condition 1 
boot 3,709 2,886 ± 292 
Condition 2 
foot 10,740 9,869 ± 344 
Condition 2 
boot 7,000 5,038 ± 363 
Condition 3 
boot 9,984 8,557 ± 947 
 
The laser-measured displacement at condition 1 was higher in impact 
tests than TROSS, but it was lower for conditions 2 and 3. The displacement 
from video analysis (VA) for condition 3 was higher than the TROSS test.  
Table 3.5 Peak plate displacements explosive vs. impact test 
 
TROSS 
Displacement 
(mm) 
Average 
Displacement
(mm) 
Condition 1 
foot 12.3 12.8 ± 0.8 
Condition 1 
boot 12.6 15.5 ± 0.7 
Condition 2 
foot 21.8 19.9 ± 0.7 
Condition 2 
boot 20.5 18.2 ± 1.8 
Condition 3 
boot 27.1 24.4 ± 2.7 
Condition 3 
boot (VA) 27.1 28.0 ± 1.7 
 
While all the conditions were matched relatively well, condition 1 produced 
the closest matches between the impact and the TROSS tests for both force and 
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displacement. Impact tests for conditions 2 and 3 produced lower tibia forces as 
well as displacements than those found in the TROSS tests. The lighter impactor 
used for condition 2 yielded the most reproducible tests with a low standard 
deviation values for both the tibia force and the footplate displacement. 
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CHAPTER 4 
CADAVER TESTING 
4.1 Cadaver Test Methods  
A total of 12 PMHS leg were harvested at the hip. Five pretest X-rays 
were taken for each leg: lateral femur, knee, and tibia, and a lateral, 
superior/inferior and anterior/posterior x-ray of the foot and ankle. Next, all soft 
tissue superior to the knee capsule was removed (approximately 3 inches when 
the femur is set 90º to the tibia). The femur was cut at a point approximately 7 
inches from the knee. A potting cup 4 inches deep was used to pot the femur. 
Four setscrews were used to hold the bone in place. Automotive body filler, 
Bondo was used as the potting material and poured into the pots, and left to dry 
over night.  
The methodology detailed in Dean-El et al. (2003) was used as a guide for 
implanting the tibial load cell. An incision in the soft tissue of the leg was made 
along the diaphysis of the tibia. Two additional perpendicular cuts were made two 
to three inches from the proximal and distal ends of the tibia, and the skin 
between them was pulled back.  All soft tissue attachments to the bone were 
removed by sharp dissection, but left in place. The periosteum was scraped off 
the bone to enable the bonding material to adhere to the bone. Unlike Dean-El 
(2003) where the load cell was implanted as distally as possible, for the purposes 
of this research, the load cell was implanted approximately midshaft because it 
was important to keep as much of the ankle musculature intact and not introduce 
any ankle fractures by the implant itself.  
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Once the bone was cleared of any tissue, a positioning jig made of 
transparent plastic was fitted over the bone. This plastic tube was machined to 
contain a slit in order to allow for placement of the jig over the bone. Two circular 
windows were cut to mark points at which the osteotomy was to be performed. 
Eight holes (four at each end) were drilled through the tube and tapped 90° from 
each other to allow placement of setscrews, which held the jig in place relative to 
the tibia. Four more holes were created at each end where drill bits were then 
placed in order to allow for the drilling of the bone. 
 Once the positioning jig was in place over the bone, six setscrews were 
threaded through in order to hold the two bone stubs in alignment to each other 
(Fig 4.1). This step is necessary in order to make sure that once both bone ends 
are potted and the load cell placed, the distal end of the tibia with its pot, the load 
cell, and the proximal end with its pot maintain the native diaphyseal line. Once 
the setscrews were in place, and the alignment confirmed visually through the 
clear tube, four holes were drilled through the drill guides and the bone. The drill 
bits were left in place to ensure the stability of the jig. The bone was marked to 
signify the place where the gap osteotomy was to be performed.  This distance 
between the two marks corresponds to the length of the load cell. The drill bits, 
the setscrews and the jig itself were then removed and the osteotomy performed 
(Fig 4.2).  Some of the marrow from each of the bone stubs was removed to 
prepare it for the potting material.  
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Figure 4.1 Using the plastic jig to align the bone 
 Stainless steel potting cups of 38 mm inner diameter and 63.5 mm depth 
were used, as described by Dean-El et al. (2003).  The bottom of each cup 
contained a transition area where the inner diameter changed from the 38 mm to 
the much smaller diameter of the load cell stub.  A thin plastic disk was placed in 
this area to avoid any interaction between the potting material and the load cell.  
Each of the potting cups contained four holes, which were aligned with those 
drilled through the bone using the clear plastic jig.  Two clevis pins for each cup 
were inserted through the holes in the cup through the bone and then secured in 
place by cotter pins. Next, the load cell stubs were fitted into the smaller diameter 
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ends of potting cups, and each end was held in place by three stainless steel 
screws (Fig 4.3).  
 
 
Figure 4.2 Tibia osteotomy 
The whole set up was then prepared for potting by inserting gauze pieces 
into the open ends of the potting cups, opposite the load cell, to prevent the 
potting material from spilling. Each potting cup also consisted of 2 larger holes 
(12.7 mm diameter), which were used as injection ports for the potting material. 
Cast making material, Dynacast was used as the potting material, because of its 
fast setting time of 1.5 hours. Dynacast was mixed and prepared in separate 
containers, and then inserted with a syringe through one of the injection ports. 
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Any empty space was filled through the second injection port. Ultimately, both 
injection ports were closed off and the potting material was allowed to set. After 
1.5 hours of setting time, the skin flaps were sutured together and the leg was 
wrapped with flexible bandage.  
 
Figure 4.3 Pots placed on the bone stubs 
In order to simulate the whole body conditions captured by the TROSS 
tests, the PMHS leg was attached to a Hybrid III dummy using a femur pot. Once 
the leg was attached, it was held in place and at 90º at the knee by a rope 
attached to a winch above. It was then necessary to further position the foot, as 
its natural tendency was towards inversion and plantar flexion. This was achieved 
by attaching two more pieces of string to the foot, one just above the ball of the 
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foot in order to dorsiflex it closer to neutral, and another around the 3 most lateral 
toes in order to evert the foot closer to natural. Once the positioning was 
complete (Fig 4.4), the linear impactor was fired at the pressure settings already 
established for conditions 2 and 3. 
 
 
Figure 4.4 Positioning for a PMHS leg impact test 
4.2 Cadaver Data 
Seven post mortem human subjects were used in this study. Their 
detailed characteristics are listed in Table 4.1 Subject WSU 432 was originally 
used to determine which of the three test conditions should be impact tested with 
the remaining PMHS subjects. Since there was no previous studies using exactly 
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the same set up or conditions, it was necessary to establish which condition 
would be the most likely to cause injury. Both the left and the right leg were 
impacted without any implanted instrumentation and with only the plate 
displacement measurements. The lower severity conditions, 1 and 2 were tested 
using this PMHS. Following the two tests, an autopsy was performed to 
determine if any fracture or other type of visible injury occurred. Since no fracture 
or injury was found, and considering the limited number of cadavers available, it 
was decided that testing the remaining PMHS subjects with implanted 
instrumentation at only the more severe conditions 2 and 3 would yield most 
useful results.  
Table 4.1 PMHS characteristics 
Cadaver 
Number Age Sex 
Tibia 
Length 
(cm) 
Leg 
Mass 
(lbs) 
Date of 
Death Cause of Death 
WSU 428 66 M 51.1 11.7  6/13/03 
Severe cardiomyopathy; 
cardiac arrythmia; COPD; 
cor pulmonale; renal 
failure 
WSU 429 74 F 44.7 6.7 6/15/03 Endometrial carcinoma w/ mets 
WSU 545 78 F 43.5 11.9 2/7/04 Lung cancer 
WSU 562 80 F 41.5 13.5 3/19/04 End stage dementia 
WSU 563 72 F 36.3 5.5 3/22/04 Congestive heart failure 
UM 31720 45 M 48.5 12.75 12/6/04 Lung cancer 
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 In order to gather data that is consistent across the two testing conditions, 
the decision was made to use one leg of a PMHS for condition 2 and the other 
for condition 3. This practice held for four cadavers, WSU 428, WSU 429, WSU 
562, and WSU 563. The left leg of subject WSU 545 was harvested at a point too 
distal on the femur, so that potting it was not possible, therefore only the right leg 
was available for testing. Additionally, during the pre test x-rays, the right leg of 
subject UM 31720 was found to contain an implanted metal pin in the ankle, 
which was judged to be likely to interfere with impact testing, and as a result only 
the left leg was used. 
Table 4.2 Condition 2 anthropometrical data 
 
WSU428L WSU429L WSU562R WSU563R WSU545R
Femur 
circumference (cm) 11.52 9.80 9.62 9.50 8.30 
Lateral femur 
diameter (cm)  3.28 2.72 2.54 3.20 2.44 
Femur diameter AP 
(cm) 3.34 3.09 2.82 2.90 2.53 
Femoral Cortical 
bone thickness (cm) 0.52 0.35 0.36 0.50 0.53 
Tibia circumference 
(cm) 9.30 8.3 7.50 8.00 8.00 
Lateral tibia 
diameter (cm) 2.43 2.22 2.06 1.98 2.00 
Tibia diameter AP 
(cm) 3.24 2.91 2.47 2.87 2.54 
Tibia Cortical Bone 
thickness (cm) 1.58 0.96 0.77 1.15 0.89 
 
Data summarized in Tables 4.2 and 4.3 was gathered during different stages of 
cadaver preparation. The femur data collection and the mass measurement were 
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completed after making the cut in the femur and just before potting it.  Most of the 
tibia measurements were made on the piece of bone that was excised just before 
mounting the tibia pots. The tibia length measurement was taken from the pre-
test x-rays. 
Table 4.3 Condition 3 anthropometrical data 
 
WSU428R WSU429R WSU562L WSU563L UM 31720L
Femur 
circumference (cm) 11.3 9.5 8.9 9.9 11.1 
Lateral femur 
diameter (cm)  3.16 2.43 2.62 2.99 2.90 
Femur diameter AP 
(cm) 3.48 3.06 2.84 3.04 3.73 
Femoral Cortical 
bone thickness (cm) 0.50 0.43 0.36 0.46 0.68 
Tibia circumference 
(cm) 9.9 8.9 8.60 9.1 9.5 
Lateral tibia 
diameter (cm) 2.73 2.20 2.49 2.18 2.52 
Tibia diameter AP 
(cm) 3.14 2.88 3.03 3.15 3.28 
Tibia Cortical Bone 
thickness (cm) 1.48 1.01 1.15 0.94 1.49 
 
The tibia force data was measured by a load cell implanted mid tibia. For 
condition 2 five specimens were tested with this configuration generating an 
average tibia force of 3200 N and the duration of impact ranging between 10 and 
15 ms. Specimen 562R experienced the lowest force at 2329 N and 563R 
experienced the highest force at 4427 N (Figure 4.5). 
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Figure 4.5 Condition 2 cadaver tibia force 
For condition 3 five specimens were tested as well, resulting in an average 
tibia force of 4538 N and the duration of impact as in condition 2 ranging from 10 
to 15 ms. Specimen 562L experienced the lowest force at 3296 N and 563L 
experienced the highest force at 6435 N (Figure 4.6). 
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Figure 4.6 Condition 3 cadaver tibia force 
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Since human subjects range widely in size and shape, some method of 
normalizing this data must be employed to create a corridor to compare different 
surrogates. Since the relationship between a given stimulus and the 
corresponding cadaver response is in most cases not linear, simply averaging 
force-time curves does not assure an average response (Mertz, 1984). Instead, 
normalization is used as a method of scaling the response of different sized 
subjects. In particular, a method used by Cavanaugh (1986), an equal stress - 
equal velocity normalization method, based on the assumption of equal mass 
density and equal moduli of elasticity in all test subjects, is implemented.  Using 
this method, a scaling factor, λ is used to scale all the time responses.  The 
following set of equations apply: 
λ = (ms / mt)3     (Equation 4.1) 
tn = λ * tr             (Equation 4.2) 
Fn = λ2 * Fr          (Equation 4.3) 
ln = λ * lr              (Equation 4.4) 
where ms is the mass of a standard subject;  mt is the mass of the test subject 
whose response is being scaled; tr is the non-normalized time, tn  is the 
normalized time; Fr is the non-normalized force, Fn  is the normalized force; lr is 
the non-normalized distance, ln  is the normalized distance.  
For this study, the mass of the lower leg was chosen as the normalizing 
factor, rather than the whole mass of the human subject, since only the leg was 
impacted. An ms value of 12 lbs was used, since this is the mass of the lower leg 
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and foot in a Denton Hybrid III 50th percentile dummy. Next, the appropriate 
mass, mt from Tables 4.2 – 4.3 for each subject was used in order to calculate λ, 
the scaling factor (Table 4.4) and then the results were scaled according to 
Equations 4.1-4.4. 
Once normalized, an average force of 360 0N was observed for condition 
2. Even after normalization the lowest force was seen in specimen 562R at 2343 
N, however the highest force was experienced by the normalized specimen 429L 
with 4412 N (Figure 4.7). 
Table 4.4 Scaling factor λ 
Condition 2 Condition 3 
Specimen λ Specimen λ 
WSU 428L 1.015762 WSU 428R 0.998615 
WSU 429L 1.22362 WSU 429R 1.208437 
WSU 562R 1.002793 WSU 562L 1.001393 
WSU 563R 0.956798 WSU 563L 0.966295 
WSU 545R 1.296999 UM 31720L 0.979995 
 
For condition3, an average normalized force of 4757 N was observed. The 
lowest force was seen in specimen 562L at 3304 N, while the highest force was 
experienced by the normalized specimen 563L with 6007 N (Figure 4.8). 
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Figure 4.7 Condition 2 cadaver normalized tibia force 
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Figure 4.8 Normalized condition 3 cadaver tibia force 
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In order to synthesize the normalized data into an appropriate average 
curve, it is necessary to align the individual curves. Furthermore since 
normalization involved also scaling time, it caused each curve to have a different 
time scale and the force values had to be interpolated to a common time scale. 
Once this was accomplished, the curves were averaged, and then a one 
standard deviation on either side of it established as a corridor. 
For condition 2, the peak tibia forces within the corridor ranged between 
2882 N and 4329 N. The peak duration ranged from 8 to 15 ms.  
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Figure 4.9 Condition 2 average tibia force and corridor 
For condition 3, the corridor established a peak tibia axial force in the 
range between 3681 N and 5834 N. The duration of the event ranged 
between 8 and 16 ms. 
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Figure 4.10 Condition 3 average tibia force and corridor 
4.3 Injury 
Following the impact testing of each leg, an x-ray was taken and an 
autopsy performed as well. There were no fractures found in the legs tested 
under condition 2.  However, the more severe condition 3 yielded two fractures.  
Impact of test subject 429R caused an anterior tibial non-displaced pylon fracture 
(Figure 4.11) Autopsy of subject 563L revealed a fracture of the tibia inside the 
lower tibia pot, just below the load cell.  
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Figure 4.11 429R pylon fracture 
4.4 Discussion 
Twelve cadavers were tested under the conditions established in Chapter 
3. Testing Cadaver 432 at conditions 1 and 2 with no implanted instrumentation 
and finding no fracture, lead to the conclusion that a more severe condition 
needed to be tested.  Of the remaining 10 cadavers, 5 were tested at condition 2, 
and 5 at condition 3. Axial tibia force was measured mid-tibia with an implanted 
load cell. The resulting forces were then normalized by the tibia length, averaged 
and a +/- 1 standard deviation corridor created in order to summarize the data.  
The forces experienced by the cadavers were significantly lower than those 
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experienced by the Hybrid III 50th percentile dummy 3, for condition 2, about 2.7 
times lower. According to the literature this is expected, as both Begeman and 
Prasad (1990) and Crandall (1996) found the Hybrid III to measure much higher 
tibia forces than a cadaver leg.  
In condition 2 there was no fracture found, while Begeman and Prasad 
(1990) found fractures in cases between 1850 to 3160 N and velocities ranging 
from 3 to 8 m/s. While condition 2 fits within the range of these conditions, the 
test set-up was different in their testing, with the leg amputated at the proximal 
tibia, and therefore not allowing the motion at the knee or the hip.   
According to Yoganandan’s probability of injury curve, the forces 
experienced within the corridor for condition 2 would have a low probability of 
injury of 25%, while the forces in condition 3 would experience a probability of 
injury as high as 45%. In fact, condition 3 saw 2 fractures.  The pylon fracture in 
429R was of the type found in literature. Kitagawa (1998), McMaster (2000), and 
Funk (2000), as well as the WSU data synthesized by Yoganandan all found this 
type of fracture.  The fracture in 563L, on the other hand was found inside the 
pot, which could have been introduced by the potting process itself.  
 
 52
CHAPTER 5 
SURROGATE TESTING 
5.1 Surrogate Test Methods 
 Following cadaver tests, two different surrogates were tested under 
conditions 1 through 3 for both booted and unbooted cases where possible. The 
impact test set up was kept the same as described in section 3.2. The Ankle/toe 
assembly replaced the standard Hybrid III 50th percentile foot, while the tibia 
shaft and instrumentation as well as the dummy to which they were attached 
remained the same. The ankle/toe assembly provided additional outputs to the 
existing lower tibia load cell force, namely the ankle and the toe forces. The 
second surrogate to be tested, the THOR lower leg, consisted of the tibia shaft 
and foot as well as a wire simulating the action of an Achilles tendon. The THOR 
leg was attached at the knee of the Hybrid III dummy. It provided additional 
outputs in the form of both lower and upper tibia forces, as well as ankle angles.  
5.2 Surrogate Data 
At least five tests were run for each condition and case. Since only 
unbooted condition 2 and 3 tests were conducted, corridors are available only for 
these cases. For the Hybrid III leg with a ankle/toe complex, the average lower 
tibia force under condition 2 was 10017N, which is 2.8 times the average tibia 
force measured in PMHS tests.  The force duration is approximately 6 ms, which 
is between two and three times smaller than that experienced by a cadaver tibia 
(Figure 5.1). 
 
 53
 
 
Hybrid III FA Tibia force
Condition 2 
-2000
0
2000
4000
6000
8000
10000
12000
0 0.005 0.01 0.015 0.02
Time (s)
Fo
rc
e 
(N
)
Test1
Test2
Test3
Test4
Test5
lower corridor
upper corridor
 
Figure 5.1 Tibia force in a Hybrid III with a ankle/toe assembly (condition 2) 
 
Six THOR lower legs were tested under condition 2 as well. The average 
lower tibia load was calculated at 3845N, which fits within the bounds of the 
corridor constructed from normalized PMHS data as seen in figure 5.2. The 
average force duration was approximately 12 ms, which also fits within the time 
range of the corridor (Figure 5.2). 
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Figure 5.2 Lower tibia force in a THOR lower leg (condition 2) 
 
Hybrid III leg with a ankle/toe assembly was not tested at condition 3.  The 
reason for this were the high forces experienced by the load cell in the Hybrid III 
tibia during booted condition 3 tests and the relationship observed between 
condition 1 and 2 booted and unbooted tests for the Hybrid III dummy. As seen in 
Table 3.3, the average force experienced by the Hybrid III lower tibia under 
condition 3 with a boot was 8557N, with the highest test reaching over 10000N. 
Furthermore, Table 3.3 shows that for conditions 1 and 2 the tibia force 
measured with boots was approximately 50% less than that measured without 
boots, or at least 5000N lower. This would imply an expected Hybrid III tibia force 
on the unbooted case of condition 3 in the range between 15,000 and 20,000 N. 
The tolerance limit of a standard Hybrid III lower tibia load cell is 15,000N.  In 
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addition to the tolerance limit of the tibia load cell, the ankle load cell in the 
ankle/toe assembly would also possibly be impacted above its range. 
Considering that for conditions 1 and 2 the loads seen by the ankle were 
generally even higher than those in the lower tibia, this would be a likely 
possibility. The tolerance limit for the ankle load cell is also 15,000N. 
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Figure 5.3 Lower tibia force in a THOR lower leg (condition 3) 
 
The THOR leg in condition 3 yielded an average absolute peak force of 
8646N and an average first peak of 7316N. As illustrated by figure 5.3 this is 
outside the range of the condition 3 corridor established by PMHS tests. The 
force duration for the entire event is 10 ms, while the first peak lasts only about 3 
ms.  
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5.3 Additional Data from the Ankle/toe assembly 
 In addition to the tibia forces, which can be compared to other surrogate 
data as well as the cadaver corridors, the ankle/toe assembly makes it possible 
to assess the foot and ankle loads.  As an example, Figure 5.4 shows that the 
toe force in case of a condition 2 impact without a boot averages 1,440N, which 
is about 14% of the 10,017N force measured at the lower tibia for the same 
impact. The axial force at the ankle on the other hand at 13,782N is even higher 
than that at the tibia, by 38% (Figure 5.5). 
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Figure 5.4 Toe force in a ankle/toe assembly (condition 2) 
While curves in figures 5.4 and 5.5 show the forces observed for a 
particular case, a similar trend for differences between tibia and foot and ankle 
forces exist for all tested cases as illustrated by table 5.1. 
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Figure 5.5 Ankle force in a ankle/toe assembly (condition 2) 
A summary of all the tests with the ankle/toe assembly is presented in 
table 5.1, while the separate graphs for each one of the cases are available in 
Appendix A. As in Hybrid III tests in chapter 3, adding the boot to the ankle/toe 
assembly causes the measured tibia forces to decrease by about 50% for both 
condition 1 and 2. The same trend holds true for both the ankle and toe forces.  
Table 5.1 Ankle/toe assembly peak force summary 
 Tibia Force (N) 
Toe Force 
(N) 
Ankle 
Force (N) 
Condition 1 foot 6,520 1162 8,905 
Condition 1 boot 3,833 549 4,439 
Condition 2 foot 10,017 1440 13,782 
Condition 2 boot 6,052 733 7,576 
Condition 3 boot 9,897 1258 12,165 
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  Furthermore, the observation from Figures 5.4 and 5.5 that the toe force 
was a small fraction of the tibia force, while the ankle force was larger than the 
tibia force, was also true for all cases tested. It can further be observed that while 
foot impacts caused the ankle forces to be 37 and 38% higher than the 
corresponding tibia forces for conditions 1 and 2, this percentage was lower for 
the boot impact cases, ranging from 16 to 25% for all conditions. 
5.4 Additional Data from the THOR Lower Leg Tests 
The THOR dummy also provided additional instrumentation in comparison 
to the Hybrid III tests in chapter 3. In addition to the lower tibia load cell used in 
all the tests, the THOR lower leg was instrumented with an upper tibia load cell 
and a three-degree ankle potentiometer to measure ankle rotation in all 
directions. Considering that the impacts in the tests in this study were meant to 
be axial, the ankle rotation was found to be minimal.  
For the unbooted condition 2, which was already presented in Figure 5.2, 
the average peak force at the lower tibia was found to be 3,845N. The average 
peak load for the corresponding upper tibia load cell at the same impact condition 
was 2,910N (Figure 5.6). The trend of upper tibia load being lower than the lower 
tibia load in the THOR lower leg held true for all tested cases except the foot 
impact under condition 3. The summary of the average peak forces experienced 
by the THOR lower leg is presented in Table 5.2, while the corresponding figures 
can be found in Appendix B. 
 
 
 59
Thor Upper Tibia Force
Condition 2 
-5000
-4000
-3000
-2000
-1000
0
1000
2000
3000
4000
5000
0 0.005 0.01 0.015 0.02
Time (s)
Fo
rc
e 
(N
)
Test1
Test2
Test3
Test4
Test5
Test6
 
Figure 5.6 Upper tibia force in a THOR leg (condition 2) 
From Table 5.2 it can be gathered that the difference in forces between 
the unbooted and booted cases is much lower for the THOR tests than for the 
previously discussed Hybrid III with a ankle/toe assembly. For conditions 1 and 2 
the boot impact experiences about 83% of the force experienced by the foot 
impact, while for condition 3, this value is 61%. 
Table 5.2 THOR peak force summary 
 Lower Tibia Force (N) 
Upper Tibia 
Force (N) 
Condition 1 foot 2,972 2,414 
Condition 1 boot 2,504 2,303 
Condition 2 foot 3,845 2,910 
Condition 2 boot 3,194 2,601 
Condition 3 foot 7,316 * 
Condition 3 boot 5,309 3,706 
* Force cannot be determined 
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5.5 Discussion 
Cadaver data synthesized into corridors in the previous chapter were 
compared to two different surrogates, the Hybrid III with the ankle/toe assembly 
and the THOR lower leg. The tests of the Hybrid III with a ankle/toe complex 
showed that the tibia forces measured in the mid-tibia of the cadaver were 
significantly lower than those measured in the Hybrid III (Figure 5.1). This is 
consistent with the findings of both Begeman (1990) and Crandall (1996) as 
discussed in section 2.2. The additional data gathered from the ankle/toe 
assembly showed that forces even higher than those found in the tibia were 
measured at the ankle. This is also consistent with the literature, where the most 
common injuries were noted in the ankle, namely calcaneus and pylon fractures. 
Moreover, the effect of the boot on the impact data was noted. The boot 
dampened the impact causing the forces in the tibia to lower by 50%. In addition, 
the booted cases also showed a smaller difference between the ankle and the 
tibia forces. A possible reason for this is that while without a boot, foot positioning 
is simple, but with a boot it was not possible to check how well the boot fitted, 
and if the foot was oriented correctly within the boot.  
The tests of the THOR lower leg showed that at lower conditions 
(condition 2) the THOR matches the cadaver data well (Figure 5.2). However, at 
more severe conditions (condition 3) the THOR overpredicts the tibia forces by 
25% (Figure 5.3). The reason for this could be as explained in Ore (1993) that 
the modulus of elasticity of bone increases with the strain rate raised to the 0.06 
power, which implies that the velocity of impact influences the force experienced 
by the bone. While this holds true for biological tissue it does not hold for the 
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metal shaft of the THOR lower leg, causing lower velocity cases to match for 
THOR and cadaver tests, but not the higher velocity cases. Additionally, the 
THOR tests showed that the upper tibia load cell generally yielded slightly lower 
forces than the lower tibia. Since the THOR tibia is a straight shaft, there can be 
no reason for this in its geometry. However, it could be attributed to small 
mistakes in positioning the tibia lower leg perfectly in line with the center of the 
impactor. Unlike the Hybrid III lower leg, which consists of a flat plateau on the 
lateral and medial sides of its knee, on the THOR it was difficult to find a flat area 
to place the inclinometer, hence the possible mistakes in measurement. Table 
5.2, which summarizes the THOR data, shows a general trend towards the upper 
tibia load cell measuring a lower force than the lower tibia. An anomaly in this 
theory is the foot impact under condition 3, which consistently shows a much 
higher force for the upper tibia. The THOR condition 3 is also the only THOR 
impact condition to show a double peak. This second peak in the lower tibia force 
under condition 3 foot impact also corresponds to the timing of the very high 
peak noticed in the upper tibia force. An explanation for this was found in the 
design of the THOR leg. As seen in figure 5.7, the THOR consists of a compliant 
tibia element which was designed to yield 0.7 in of travel and 1.4 in of 
compression. However, at 3kN applied force it is already 50% compressed. With 
the forces in this condition reaching the 7kN range, the compliant element 
bottoms out. 
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Figure 5.7 THOR tibia detail 
The differences between the Hybrid III lower leg with a ankle/toe assembly 
and the THOR lower leg show that the THOR experiences lower tibia forces 
closer to those found in the cadaver. Due to the fact that the THOR was 
constructed as a more biofidelic version of the Hybrid III this is to be expected. 
Additionally, the Hybrid III experiences a higher difference in forces between the 
foot and the boot impact case than the THOR. For the Hybrid III with a ankle/toe 
assembly, for conditions 1 and 2, the force with a boot is 50% of that without the 
boot. For the same conditions, for the THOR lower leg, the case with the boot 
experiences forces 83% of those without the boot. These differences in the 
influence of the boot could be attributed to the geometry of the leg. 
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CHAPTER 6 
CONCLUSION 
6.1 Conclusions 
The vehicle floor movement and tibia force experienced by a Hybrid III 
dummy during an AV mine explosion test was reproduced using a linear impactor 
for three different conditions representing three different explosive masses. Next, 
the same impact conditions were applied on instrumented PMHS legs and the 
resulting tibia forces were measured as well as injuries in two legs impacted 
under the most severe condition noted. Human response corridors were 
developed based on normalized and averaged data. The existing human 
surrogates: Hybrid III with a ankle/toe assembly and the THOR lower leg were 
assessed on their ability to match these corridors.  The THOR lower leg was 
found to be a closer match to these corridors, especially under less severe 
conditions, while under higher conditions a compliant element which can handle 
higher forces is necessary. Using the ankle/toe complex, ankle forces were found 
to be the largest forces in the leg under axial impact. The boot was found to have 
a smaller influence on the THOR tibia than on the Hybrid III tibia, causing it to 
lower the measured lower tibia forces by 17% for the THOR and 50% for the 
Hybrid III with a ankle/toe assembly. Lower tibia forces were generally found to 
be slightly higher than upper tibia forces in the THOR lower leg. In the ankle/toe 
assembly, the boot was found to influence the difference between the ankle and 
tibia forces, causing it to be smaller in the cases with the boot. 
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6.2 Recommendations 
In order to further investigate the effects of AV mine blasts on the human 
leg it is recommended the mode of injury be additionally investigated. Since only 
two fractures were noted using condition 3, a condition with a higher mass of 
explosive, such as conditions 4 and 5 conducted by TNO PLM should be used as 
baselines in any future studies. Use of hardware that can input higher energy 
impacts will be necessary in order to match such conditions. Additional cadaver 
tests at these higher velocity impact conditions will result with new corridors 
against which surrogates can be compared. Furthermore, patterns in modes of 
injuries under such impacts can be evaluated. 
In addition to the instrumented reusable surrogates that are evaluated in 
this study, frangible legs could yield additional insight into both the force level and 
the mode of injury and also substitute for the surrogate instrumentation, which 
may be impacted above its limit. As it was shown, condition 3 was already to 
severe for the Hybrid III impacts. A number of instrumented and uninstrumented 
frangible legs as described in section 2.3 could be tested at a whole range of 
conditions from ones in this study to the ones already recommended for cadaver 
tests above. The frangible legs could be assessed on their ability to match the 
cadaver force corridors as well as the fractures seen in cadavers. 
The fact that the cadavers used in this study had a median age of 74 
lowered the forces most likely experienced by soldiers in the field. Further 
testing, which would allow for a synthesis of data similar to that explained by 
Yoganandan (1996) and a creation of an eventual probability curve would create 
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more realistic cadaver data to be used for comparison with possible surrogates 
for AV mine testing. 
Computer simulations of both the cadaver and surrogate tests could serve 
to create validated models, which could then be used to create parameter studies 
to better understand forces and injury modes experienced by the lower leg under 
differing conditions. General impact of such factors as foot position and floor 
deformation could be studied quickly and efficiently using the test data as its 
baseline. 
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APPENDIX A 
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APPENDIX B 
Thor Lower Tibia force
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Lower leg impact has been studied in context of injuries sustained in 
automotive crashes. However, a leg injury due to an anti-vehicular landmine 
explosion is caused by an impact of a different magnitude, duration and direction. 
The baseline for this research were the foot plate displacement and tibia force 
measured during explosives tests conducted with a Hybrid III dummy and 
explosive mass ranging from 100 to 300g.  Once the same conditions were 
simulated with varying mass and pressure linear impactor, the lower legs of ten 
post-mortem human subjects (PMHS) were tested using two of the established 
conditions of differing severity.  Tolerance corridors were established for each of 
the conditions, and injuries noted. The same impacts were repeated for a Hybrid 
III 50thpercentile lower leg with an advanced ankle/toe complex and a Thor lower 
leg. The ability of each of the surrogates to fit within the established corridors 
was assessed, and the THOR dummy found to be a more suitable surrogate. 
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Forces experienced in the surrogate’s ankle were found to be grater than those 
in the tibia, explaining the common ankle fractures in literature. 
 
 83
AUTOBIOGRAPHICAL STATEMENT 
ANA BARBIR 
 
EDUCATION 
BS Biomedical Engineering, Duke University, May 1999 
MS Biomedical Engineering, Wayne State University, December 2005 
WORK EXPERIENCE 
5/1999 – 6/2005 Project Engineer, TNO-MADYMO, N.A. Livonia, MI  
PUBLICATIONS 
B.A. Winkelstein, R.E. McLendon, A. Barbir, B.S. Myers, An anatomical 
investigation of the human cervical facet capsule, quantifying muscle insertion 
area, Journal of Anatomy, Volume 198, Issue 04, pp 455-461, April 2001 
 
L. van Rooij, J. van Hoof, TNO Automotive, M.J. McCann and S.A. Ridella, TRW 
Automotive, J.D. Rupp, UMTRI, A. Barbir, R.C. van der Made, P. Slaats TNO-
MADYMO N.A. A Finite Element Lower Extremity and Pelvis Model for Predicting 
Bone Injuries due to Knee Bolster Loading, SAE Paper 2004-01-2130 
 
